Abbreviations used: ABC, avidin-biotin-HRP complex; DAB, 3,3-diaminobenzidine tetrachloride; HRP, horseradish peroxi dase; HSP, heat shock protein; HSrTX/BSA, horse serumrTriton X-l00/bovine serum albumin; PB(S) phosphate buffer(ed saline).
Summary:
We have previously developed a model of mild, lateral fluid percussive head injury in the rat and demonstrated that although this injury produced minimal hemorrhage, breakdown of the blood-brain barrier was a prominent feature. The relationship between posttrau matic blood-brain barrier disruption and cellular injury is unclear. In the present study we examined the distribu tion and time course of expression of the stress protein HSP72 after brain injury and compared these findings with the known pattern of breakdown of the blood-brain barrier after a similar injury. Rats were subjected to a lateral fluid percussive brain injury (4.8-5.2 atm, 20 ms) and killed at 1, 3, and 6 hand 1, 3, and 7 days after injury. HSP72-like immunoreactivity was evaluated in sections of brain at the light-microscopic level. The earliest ex pression of HSP72 occurred at 3 h postinjury and was restricted to neurons and glia in the cortex surrounding a necrotic area at the impact site. By 6 h, light immuno staining was also noted in the pia-arachnoid adjacent to the impact site and in certain blood vessels that coursed through the area of necrosis. Maximal immunostaining
We have previously developed a model of rela tively mild fluid percussive head injury in the rat and focused on alterations in permeability of the blood-brain barrier to plasma proteins (Tanno et al., 1992) . Our study demonstrated that although this injury produced minimal hemorrhage, barrier was observed by 24 h postinjury, and was primarily as sociated with the cortex immediately adjacent to the re gion of necrosis at the impact site. This region consisted of darkly immunostained neurons, glia, and blood ves sels. Immunostaining within the region of necrosis was restricted to blood vessels. HSP72-like immunoreactivity was also noted in a limited number of neurons and glia in other brain regions, including the parasagittal cortex, deep cortical layer VI, and CA3 in the posterior hippo campus. Immunoreactive cells in these areas were not apparent until 24 h postinjury. By 7 days postinjury, HSP72-like immunoreactivity was minimal or absent in these injured brains and notable cell loss was apparent only in the impact site. This study demonstrates an early and pronounced expression of HSP72 at the impact site and a more delayed and less prominent expression of this protein in other regions of the brain. These findings par allel the temporal and regional pattern of breakdown of the blood-brain barrier after a similar head injury. Key Words: Experimental brain injury-Blood-brain barrier breakdown-HSP72-Cellular injury.
breakdown was prominent and widespread within the injured hemisphere. The impact site typically exhibited prolonged barrier breakdown, whereas other brain regions expressed a transient abnormal permeability.
Breakdown of the blood-brain barrier results in the unrestricted entry of humoral agents that poten tially can be injurious to brain tissue. Sites of bar rier breakdown may define populations of cells that are stressed and/or injured. There is no direct evi dence that breakdown of the blood-brain barrier in itself can cause cellular injury. There is evidence, however, that certain neurons accumulate extrava sated plasma proteins at sites of vascular disruption (Brightman et al. , 1970; Povlishock et al., 1979; Tanno et aI. , 1992; Tengvar, 1986; L�berg and Tor-vik, 1991; Sokrab et aI., 1988) . These proteins are not apparent in membrane-bound structures but rather are localized in a diffuse pattern throughout the cytoplasmic compartment. This particular local ization suggests that the plasma membrane of the neuron may be injured or irreversibly damaged.
We hypothesize that areas of the brain that ex hibit marked extravasation of plasma proteins may be injured or stressed and thus express HSP72-like immunoreactivity. It is believed that denatured pro teins activate heat shock factors that stimulate heat shock transcription (Anathan et aI. , 1986; Pelham, 1986) . To begin to test this hypothesis, we exam ined the distribution and time course of expression of HSP72-like immunoreactivity, a marker of cellu lar stress/injury (Gonzalez et aI. , 1989; Welch and Suhan, 1986) , after mild fluid percussive brain in jury, and we relate these findings to the known pat tern of barrier breakdown after a similar brain in Jury.
MATERIALS AND METHODS

Surgical procedure
Adult male Sprague-Dawley rats (350-400 g), main tained on a normal diet, were prepared for lateral fluid percussive brain injury as previously described (Ishige et aI., 1987) . Briefly, each animal was anesthetized with 4% chloral hydrate (8 mllkg, body weight, i.p.). After incision of the temporal muscle, a circular craniotomy, 4 mm in diameter, was made with a dental drill just above the zygoma. A polyethylene tube (PE 350) filled with isotonic saline was placed against the intact dura, fixed securely to the skull with dental acrylic cement, and then connected to a fluid percussive device. A catheter was inserted into the femoral artery to monitor blood pressure and to ana lyze blood gases. The animals were then subjected to an impact pressure of 4.8-5.2 atm for 20 ms and allowed to breathe spontaneously throughout the whole procedure. Normal body temperature (37.0-37SC) was maintained with a water-circulating heating pad.
At the time of death, rats were reanesthetized and per fused with 500 ml of 4% paraformaldehyde in 0.1 M phos phate buffer (PB), pH 7.4. Brains were removed and post fixed for 4 h. Areas of interest were excised and 100-J-Lm thick sections were cut on a vibratome.
Sections from each brain were prepared for immunolo calization of HSP72. Adjacent sections were stained with cresyl violet in order to examine general morphology.
Immunocytochemical localization of HSP72
Animals were killed at 1 (n = 3), 3 (n = 5), and 6 h (n = 6), and 1 (n = 7), 3 (n = 5), and 7 days (n = 3) after impact. Surgical controls (n = 3) were subjected to a sham operation and killed 24 h later.
Vibratomed sections were floated in wells containing PB. Unless otherwise specified, all incubations were car ried out at room temperature. After rinsing in 0.05 M phosphate buffered saline, pH 7.4 (PBS), sections were incubated in 1 % hydrogen peroxide (H202) for 10 min to quench any endogenous peroxidatic activity, then rinsed in PBS. To immunolocalize HSP72, sections were incu bated in each one of the following solutions for the time indicated: (a) 2% horse serum, 0.2% Triton-X-lOO, 0.1 % bovine serum albumin (HS/TX/BSA), 5 min; (b) 10% HSI TX/BSA, 20 min; (c) mouse anti-human HSP72 (1:4,000 in HS/TX/BSA, Amersham), 24 h at 4°C; (d) PBS, 3 x 10 min; (e) biotinylated horse anti-mouse IgO, rat adsorbed (in HS/TXlBSA, 1 :200, Vector Laboratories), 1 h. Sec tions were rinsed in PBS and incubated in avidin-biotin horseradish peroxidase (HRP) complex (ABC, 1: 100, Vector Labs) for 30 min. The final reaction product was visualized using 0.05% 3,3-diaminobenzidine tetrachlo ride (DAB) as the chromogen in the presence of 0.02% H202. The immunostained sections were then mounted on gelatinized slides, dehydrated in graded alcohols, cleared in Hemo-D (Seagull Scientific), and coverslipped.
Immunocytochemical controls, completed on adjacent sections from injured brains, consisted of the same reac tion procedures in the absence of primary antibody.
HSP72-like immunoreactivity was evaluated at the light-microscopic level in areas of the brain (impact site, parasagittal cortex, deep cortical layer VI, and hippocam pus) that typically exhibit breakdown of the blood-brain barrier (Tanno et aI., 1992) . The number of immunola beled neurons in these regions, as illustrated in Fig. 1 , was determined from 12 serial sections at a final magni fication of 50 x .
RESULTS
General morphology
This injury resulted in minimal overt vascular damage, as evidenced by the limited distribution of hemorrhage. Typically, hemorrhage was restricted to the subarachnoid space near the impact site and to the ipsilateral external capsule. Hemorrhage was not present in the cortex adjacent to the impact site.
The pathologic findings, as assessed by cresyl vi olet, appeared restricted to the superficial cortex at the impact site, designated Zone 1 (Fig. 2) . By 3 h postinjury, Zone 1 was more lightly stained by cresyl violet as compared with the remainder of the hemisphere (Fig. 2a ). Shrunken, darkly stained neu rons were present within this zone. By 24 h postin jury, Zone 1 exhibited obvious neuronal loss ( Fig.  2b ) and at 7 days was replaced by nonneuronal cells including monocytes.
The cortex immediately adjacent to Zone 1, des ignated Zone 2, as well as the remainder of the hemisphere appeared normal by cresyl violet.
Immunolocalization of HSP72
Controls. Immunocytochemical controls, in which the primary antibody was omitted, and sham operated animals exhibited no staining in any re gions of the brain.
Time course of expression of HSP72. The time course of expression of HSP72-like immunoreactiv ity is summarized in Table 1 . HSP72-like immuno reactivity appeared as early as 3 h after injury in all brains and was restricted to the impact site. By 24 h postinjury, expression of HSP72 was more wide spread throughout the injured hemisphere. Immua nolabeled cells were noted in the parasagittal cor tex, deep cortical layer, and CA3 in the hippocam pus. By 7 d postinjury, HSP72-like immunoreac tivity was limited to the impact site.
Regional distribution of immunoreactive neurons expressing HSP72. The distribution of neurons ex hibiting HSP72-like immunoreactivity at 24 h postinjury is summarized in Fig. 1 . Numerous im munolabeled neurons (> 25 neurons/animal) were observed at the impact site, whereas only a few immunolabeled cells «5 neurons/animal) were noted in other brain regions.
Impact site. The impact site was characterized by two distinct zones. Zone I represented the region of necrosis as previously described. In this zone, only blood vessels were immunostained. Immunolabeled vascular segments were noted as early as 6 h and became most intensely stained by 24 h postinjury. b FIG. 2. a and b: Three (a) and 24 h (b) postinjury at the impact site. Cresyl violet staining. Zone 1 can be distinguished from Zone 2 by its characteristic semilunar appearance which is much lighter in staining intensity than Zone 2 (a). By 24 hours postinjury, Zone 1 exhibits marked cell loss (b).
3. a and b: Six hours postinjury. HSP72-like immunoreactivity is present at the impact site and is associated with pia arachnoid (a, arrowheads), and neurons and glia in Zone 2 (a, arrows). Higher magnification of Zone 2 reveals immunoreactivity primarily localized in cell bodies (b). e and d: Twenty-four hours postinjury. Immunoreactivity is noted more clearly in pia arachnoid (e, arrowheads) and numerous neurons and glia (e, arrows) in Zone 2, as well as blood vessels in both Zone 1 and 2. The immunoreactivity is localized in both the cell bodies and their processes (d). Scale = 0.2 mm (a,e), 0.02 mm (b,d) .
At this later time, the label appeared primarily as sociated with longitudinally oriented penetrating ar terioles. It was not clear, due to limited resolution, if adjacent extramural cells were likewise immuno labeled.
Zone 2 represented a region of the cortex border ing Zone 1 and was characterized by prominent HSP72-like immunoreactivity. At 3 and 6 h postin jury HSP72-like immunoreactivity was observed in both neurons and glia ( Fig. 3a and b) . Reaction product associated with these immunostained cells was primarily localized to cell bodies, rather than cell processes (Fig. 3b) . At 6 h, light immunostain ing was also present in pia-arachnoid and in certain blood vessels. Immunoreactivity in Zone 2 was most pronounced by 24 h postinjury ( Fig. 3c and d) . The characteristic distribution of immunoreactivity at the impact site at 24 h postinjury is summarized in Fig. 4 . Intense immunostaining was apparent in both cell bodies and processes of numerous neurons and glia (Fig. 3d) . The pia-arachnoid and blood ves sels were similarly darkly immunostained ( Fig. 5) .
At 72 h postinjury the distribution of immuno stained cells was similar to that observed at 24 h. However, by 7 days after injury immunoreactivity was restricted to a few cells in Zone 2.
Other brain regions. HSP72-like immunoreactiv ity was not apparent in other brain regions until 24 h postinjury, and it was restricted to a few pyrami dal cells in layer III of the ipsilateral parasagittal cortex and to neurons and glia in the deep cortical layer VI and CA3 in the hippocampus (Fig. 6 ). In several animals (two at 24 h, one at 72 h), immuno reactivity was also present in the contralateral parasagittal cortex.
No immunolabeled cells were identified in other brain regions by 7 days after injury.
DISCUSSION
HSP72 was expressed in the brain after a rela tively mild fluid percussive injury. It is thought that the induction of heat shock protein (HSP) is a con sequence of the activation of a heat shock gene by products of denatured proteins (Anathan et aI., 1986; Pelham, 1986) . Synthesis of HSP in the cen tral nervous system is induced by a variety of in sults, including hyperthermia (Lindquist, 1986) , ischemia/infarction (Nowak, 1985; Dienel et aI., 1986; Gonzalez et aI., 1989 Gonzalez et aI., , 1991 Sharp et al., 1991; Vass et aI., 1988) , brain laceration (Currie and White, 1981; Brown et aI., 1989) , and epilepsy (Gonzalez et aI., 1989; Lowenstein et aI., 1990; Vass et al., 1989) . The present study demonstrates that expression of HSP72 is also associated with a relatively mild head injury. Vol. 13, No. 1, 1993 HSP72 is considered to be an early indicator of cells exhibiting injury or stress (Welch and Suhan, 1986 ). In the present study HSP72-like immunore activity was recognized as early as 3 h after injury. This early expression is consistent with models of brain ischemia. Nowak (1985) and Dienel et aI. (1986) reported the synthesis of 70-kDa stress pro teins as early as 2-4 h after reperfusion in postisch emic animals. Early expression has also been con firmed by Vass et aI. (1988) in neurons of gerbil brain 4 h after ischemia.
HSP72-like immunoreactivity was restricted to blood vessels in the necrotic region (Zone 1) of the impact site. The apparent selective expression of HSP72 in blood vessels in this region may reflect the relative resistance of these cells to injury. A prerequisite for the expression of HSP72 is that cells are injured/stressed but are able to synthesize these proteins. It is very likely that neurons and glia in this necrotic area were too severely injured to elicit the response, in contrast to blood vessels that retained this ability. Others (Gonzalez et aI., 1991; Ferriero et aI., 1990) have reported a similar resis tance of endothelial cells to injury relative to neu rons and glia.
The functional significance of HSP in blood ves sels at the impact site is not known. Shivers et al. (1988) have studied the induction of HSP in cultures of cerebral endothelial cells subjected to thermal stress. These investigators have suggested that HSP may be important in stabilization of the endothelial plasma membrane. Since breakdown of the blood brain barrier may involve disruption of tight junc tions, stabilization of the membrane could be a key element in reestablishment of the integrity of the barrier. � . .
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The regional distribution of HSP72, beyond the area of necrosis, most likely reflects severity of in jury and relative vulnerability of each cell type to irijury. The most pronounced expression occurred in neurons, glia, and blood vessels that bordered the necrotic area. In the deep cortical layer and CA3 in the hippocampus, immunolabeled neurons and glia were evident, whereas in the parasagittal cortex la bel was restricted to a limited number of neurons. Based upon several studies (Sharp et ai. , 1991; Gonzalez et ai. , 1991) , it is thought that neurons are the most vulnerable to injury followed by glia and then endothelial cells. Such a criterion, applied to the present study, would suggest that severity of injury would be as follows: Zone 2 of the impact site The present report represents an extension of an earlier study in which we characterized the re sponse of the blood-brain barrier after head injury (Tanno et ai. , 1992) . HRP, given intravenously 10 min before death, was used to define (a) the vascu lar sites associated with breakdown of the blood brain barrier and (b) the time course for re establishment of the blood-brain barrier to this pro tein. Breakdown of the blood-brain barrier to HRP was consistently noted in the cortex at the impact site, in discrete areas of the superficial parasagittal cortex, deep cortical layer adjacent to the external capsule, and in CA3 of the posterior hippocampus.
The barrier to HRP was restored in most brain re gions by 24 h postinjury. One exception, however, was the impact site, which remained permeable for at least 72 h postinjury.
In the present study immunolocalization of HSP72 parallels the anatomical and temporal pat tern of breakdown of the blood-brain barrier to HRP (Tanno et al. , 1992) . HSP72-like immunoreac tivity was consistently associated with the impact site, parasagittal cortex, deep cortical layer, and CA3 in the hippocampus. This localization corre lates with sites of abnormal permeability to HRP. There is also a close association between time course for breakdown of the blood-brain barrier to HRP and the magnitude of expression of HSP72. The prolonged permeability at the impact site (last ing �72 h) correlated with the most consistent and prominent expression of HSP72 (>25 neurons were immunolabeled). In contrast, other brain regions that exhibited transient barrier breakdown (lasting �24 h) were associated with a very limited number of immunolabeled neurons (1. 0-7. 4 neurons/re gion).
The neuronal response to breakdown of the blood-brain barrier is unknown. Given the potential toxic influence of plasma components on cellular integrity (Baethmann et aI. , 1980 (Baethmann et aI. , , 1989 Gazendam et al., 1979; Long, 1982; Unterberg and Baethmann, 1984; Ikeda and Long, 1990) breakdown of the blood-brain barrier may contribute to the expres-sion of HSP72-like immunoreactivity in neurons. Cortez et al. (1989) reported an anatomical relation ship between barrier breakdown and secondary neuronal damage after a moderate fluid percussion injury. In their study, leakage of plasma proteins was associated with neuronal pathologies and sig nificant neuronal cell loss. In the present report, expression of HSP72-like immunoreactivity in neu rons likewise correlated with the anatomical pattern of barrier breakdown to HRP. This pattern of im munoreactivity, however, was not associated with any notable neuronal cell loss. Thus, in this model the expression of HSP72 appears to define a popu lation of neurons that sustain a reversible injury.
The factors leading to the induction of HSP72 remain unclear. We can, however, speculate on several interrelated events. First, mild fluid percus sive brain injury may deliver a direct physical insult that is of sufficient magnitude to elicit the heat shock response. Second, breakdown of the blood brain barrier may result in the entry of plasma com ponents that either directly or indirectly injure cells. An example of the latter would be cell excitation leading to glutamate release and subsequent cell in jury. Such an indirect mechanism may account for the delay in the expression of HSP72 in certain re gions of the brain. Vass et al. (1988) reported similar delayed expression of 70 kDa stress protein in CA3 of hippocampus after ischemic injury and suggested that this delay may be attributed to the increased neural activity rather than to the initial ischemic insult. Third, extravasated plasma proteins may be come denatured. These denatured products if taken up into cells could then activate heat shock factors that stimulate heat shock transcription.
In conclusion, this study presents the following findings: (a) HSP72 is expressed in the brain after a relatively mild brain injury. The protein is ex pressed in cells at the impact site, surrounding a region of necrosis, as well as in other regions of the injured hemisphere; (b) although HSP72 is ex pressed in a variety of cell types (neurons, glia, en dothelial cells), it is most frequently associated with neurons. This particular cellular localization may reflect the relative vulnerability of neurons to in jury; (c) the expression of HSP72 in neurons is not associated with any obvious neuronal cell loss. Thus, the protein may define a population of neu rons that recover from an injured state; Cd) the dis tribution of HSP72 immunolabeled cells corre sponds to the regional pattern of breakdown of the blood-brain barrier after similar brain injury. 
